The University of Michigan dioxin exposure study was undertaken to address concerns that the industrial discharge of dioxin-like compounds in the Midland, MI area had resulted in contamination of soils in the Tittabawassee River floodplain and downwind of the incinerator. The study was designed in a rigorously statistical manner comprising soil measurements of 29 polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated dibenzofurans (PCDFs), and polychlorinated biphenyls (PCBs) from 766 residential properties, selected probabilistically, in the Midland area and in Jackson and Calhoun Counties (Michigan) as a background comparison. A statistical comparison determined that the geometric mean toxic equivalent (TEQ) levels in samples from the target populations were statistically significantly above background. In addition, the probabilities of being above the 75th and 95th percentiles of background were also greater. Congener contributions to the TEQ were dominated by 2, 3, 4, 7, 3, 7, in the floodplain and by 2,3,7,8-TCDD in the incinerator plume. However, PCB 126 was the top congener contributing to the background TEQ.
Introduction
The University of Michigan dioxin exposure study (UMDES) was undertaken in response to concerns among residents in the Midland, MI area that the historic discharge of polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs) from the Dow Chemical Company facilities had resulted in soil contamination in the Tittabawassee River floodplain and in the City of Midland leading to an increase in residents' body burdens of these compounds. Dow Chemical has operated in Midland, MI since 1897 manufacturing a wide range of chemical products such as chlorine through the electrolysis of brine (since its founding (1)) and chlorinated phenols by reacting chlorine gas and phenol (from 1937 to 1982 (2)). Historically, wastes from these manufacturing operations were incinerated, resulting in aerial deposition in the City of Midland, discharged directly to the Tittabawassee River or discharged to waste ponds that were periodically breached during flooding events. To analyze the relationship between soil contamination and area residents' body burdens, UMDES was a large multidisciplinary undertaking including measurements of dioxin-like compounds not only in soil but also in household dust and serum from populations in Midland, Saginaw, and Bay Counties (Michigan) as the target areas and from Jackson and Calhoun Counties (Michigan) as a background comparison. To account for additional factors that might impact levels of dioxin-like compounds in serum, the study also comprised the administration of a questionnaire covering age, weight, and smoking habits; residential, occupational, and dietary histories; and recreational habits including hunting, fishing, and water activities. This paper details the soil measurements as the fundamental issue from an exposure perspective in the degree of contamination of the soil with dioxin-like compounds, a concern that has received international attention (3, 4) .
The establishment of the degree of soil contamination in the Midland/Saginaw area has been the subject of several studies. Hilscherova et al. (5) analyzed soil and sediment samples from about 100 locations along the Tittabawassee River finding that the toxic equivalent (TEQ), on the basis of 17 PCDDs and PCDFs using the 1998 World Health Organization (WHO) toxic equivalency factors (TEFs) (6) designated here as TEQDF-1998, ranged from 4 to 1980 pg/g, similar to concentrations at other industrially impacted sites (7) . Yet, these were targeted samples and included both river sediment and floodplain soil and, as such, they may not be representative of the concentrations to which the population is exposed. The Agency for Toxic Substances and Disease Registry (ATSDR) completed a health consultation (8) looking at 22 residential properties of which 15 were determined to have TEQ levels above Michigan Department of Environmental Quality's (MDEQ) soil direct contact criterion of 90 pg/g TEQ. These values were higher than the mean TEQDF-1998 obtained by MDEQ from sampling 52 urban and rural locations in the lower peninsula of Michigan of 6.7 pg/g (9) comparable to the value of 7.0 pg/g obtained in the Denver Front Range Study (10) as well as to those obtained in other industrial countries (11) . The health consultation concluded that, although there was evidence of soil contamination, the Table 2 ). Because of their skewness ( Figure S3 ), the data were log-transformed, which resulted in a normal distribution, an assumption underlying the t test. The p-values presented in Table 3 indicate that the HP 0-1 in. samples from all the target areas have statistically significantly higher geometric means than the corresponding samples from Jackson and Calhoun Counties indicating statistically significant concentrations of dioxin-like chemicals above background levels. In addition, the probability that the TEQDFP-2005 of the HP 0-1 in. sample is above the cutpoints is greater in the target areas (with the exception of the probability of being above 7.6 pg/g in the near floodplain) than in Jackson/Calhoun. Furthermore, the comparison between the plume and the floodplain HP 0-1 in. samples shows that the TEQDFP-2005 in the plume has a higher geometric mean as well as a greater probability of being above the cutpoints than in the floodplain. The differences in the geometric mean and probabilities of being above the cutpoints between the near floodplain and the other Midland/Saginaw samples are not statistically significant. On the basis of previous sampling campaigns, it was expected that the plume and the floodplain areas had higher levels than background; this study indicates that the difference is statistically significant and is not based on convenience or targeted sampling. The higher levels in the near floodplain and other Midland/Saginaw samples were unanticipated and suggest either the movement of contaminated soils to those areas or the presence of additional sources other than the Tittabawassee River or the Dow incinerator.
Because of the statistical sampling design, these results could be used to develop inferences for households in these areas. Perhaps of greatest concern to the area residents is the possibility of contamination on their property. Table 4 shows the percentages of properties estimated to have at least one soil sample above MDEQ's soil direct contact criterion of TEQ ) 90 pg/g or above EPA's screening level of TEQ ) 1000 pg/g. Over one-third of the properties in the floodplain and the plume (36.5% and 35.8%, respectively) were estimated to have a soil sample with a TEQ over 90 pg/g. Furthermore, an appreciable number of properties outside the floodplain and the plume, 9.7% for the near floodplain and 1.7% for other Midland/Saginaw, were estimated to have a soil sample that exceeds 90 pg/g. Even 0.3% of the properties in Jackson/Calhoun, the background comparison area, were estimated to have a soil sample over MDEQ's criterion.
In addition to the data for the HP 0-1 in. composites, Table 1 presents the mean and median TEQDFP-2005 values for the other types of soil composites. The NR composites for the floodplain population, both the 0-1 in. and the 1-6 in., have decidedly higher mean TEQ values than the HP composites; yet, they have similar medians. This observation indicates that the more heavily contaminated soil is concentrated adjacent to the river rather than around the exterior of the houses; it also suggests that the distribution of the contamination is heterogeneous. The high mean TEQDFP-2005 for the HP 1-6 in. composites for the other Midland/Saginaw samples of 114.3 pg/g is primarily due to an outlier as the maximum value for this composite type is 11 219 pg/g, almost 2 orders of magnitude higher than the maximum value of the HP 0-1 in. composites for this area. The mean TEQ DFP- (14); TEQ DFP-1998 is calculated using the 29 PCDD, PCDF, and PCB congeners specified by the WHO and the 1998 TEFs (6). HP ) house perimeter; NA ) not applicable; NR ) near river. b TEQDFP-2005 ) 22.6 pg/g is the 95th percentile of the Jackson/Calhoun distribution. c The 75th percentile for Jackson/Calhoun is actually 7.5800 pg/g, which was rounded to 7.6 pg/g for the purposes of the Wald chi-square test. Because of the multiple values between 7.5800 and 7.600, actually 24.07% is above 7.600 pg/g in Jackson/Calhoun. d HP ) house perimeter; J/C ) Jackson/Calhoun; M/S ) Midland Saginaw.
The percent contributions to the TEQDFP-2005 of the 29 individual congeners for the HP 0-1 in. composites are shown in Figure 1 with the arithmetic mean, standard error, median, and LOD for the individual congener concentrations (unweighted by TEFs) given in Table S1 . other M/S geometric mean <0.0001+ odds > 7.6 pg/g 0.0018+ odds > 22.6 pg/g 0.0075+ a HP ) house perimeter; FP ) floodplain; M/S ) Midland/Saginaw. Geometric means were compared using a t test, and the results are given in the first row for each area. The probabilities of being above 7.6 pg/g [Jackson/Calhoun's 75th percentile] or 22.6 pg/g [Jackson/Calhoun's 95th percentile] were compared using a Wald chi test, and the results are given in the second and third rows, respectively, for each area. p-values of <|0.05| indicate statistical significance. "+" after the p-value indicates that the samples from the area listed in the row have a higher geometric mean or a higher probability of being above the cutpoints than the samples from the area listed in the column. "-" after the p-value indicates that the samples from the area listed in the row have a lower mean or a lower probability of being above the cutpoint than the samples from the area listed in the column. (14); TEQDFP-1998 is calculated using the 29 PCDD, PCDF, and PCB congeners specified by the WHO and the 1998 TEFs (6). M/S ) Midland/Saginaw.
contributor to the TEQ is PCB 126, this nonortho PCB, at least, needs to be characterized in examining background TEQs. In this study and in the Denver Front Range Study, the additional contribution of other PCBs is small, 1.9% and 4.3%,
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respectively. Yet in other situations, the contribution may be appreciable as in the study by Pirard et al. (4) in rural France where the mono-ortho dioxin-like PCBs contributed an average of 10.8% to the background TEQDFP-1998.
To evaluate the impact of the multiple conventions for calculating the TEQ, the mean and median TEQ were calculated as TEQDFP-2005, TEQDF-2005, and TEQDFP-1998 (Table 1) . (The individual congener concentrations provided in Table S1 allow the calculation of the TEQ using additional conventions, for example, on the basis of the subset of 21 congeners utilized in the National Health and Nutrition Examination Survey (NHANES) (21) .) In the floodplain, the difference in mean TEQ using the 1998 TEFs (6) versus the 2005 TEFs (14), across all soil composite types, is a reduction of about 21%, whereas in the plume and in Jackson/Calhoun, the reduction is 10% and 14%, respectively. The difference is attributable to the different congener patterns (Figure 1 ). In the floodplain, the TEQ is dominated by the PCDFs. The TEFs for three PCDFs changed In contrast, the mean contribution to the TEQ in the plume is greater for the PCDDs than for the PCDFs. The only PCDD whose TEF changed is OCDD, whose value increased from 0.0001 to 0.0003, yet this compound has a mean contribution of only 1.8% to the TEQ in the plume. In Jackson/Calhoun, of the top five congeners, the TEF only changed for 2,3,4,7,8-PeCDF. Thus, the decreases in the TEQ for the plume and Jackson/Calhoun also stem from the reduction in the TEF for 
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points and the percentage over 1000 pg/g dropped about four percentage points with the recalculation of the TEQ using the 2005 TEFs (Table 4) implying that hundreds of properties that might have qualified for remedial action may no longer do so. The percentages did not change with the recalculation of the TEQs without the PCBs except in the case of Jackson/Calhoun because only in these samples was a PCB among the top contributors to the TEQ.
Many studies of soil contamination rely on a qualitative evaluation of whether a particular area is contaminated. This study employed a probabilistic sampling design that allowed for a statistical determination as to whether the soil concentrations in the target areas were above background. On the basis of this analysis, it was determined that the geometric mean soil concentrations in all four target areas in Midland, Saginaw, and Bay Counties, not just the Tittabawassee River floodplain and the incinerator plume in the City of Midland, were elevated relative to background. In addition, the probabilities of a soil sample having a concentration above the 75th and 95th percentiles of background were statistically greater in these areas. Furthermore, the data presented here showed the importance of measuring PCB 126 in determining the total TEQ of the background as this compound contributed about 16.5% to the overall TEQ (Figure 1 ) in the comparison community of Jackson and Calhoun Counties. This study also showed that the reevaluation of the TEFs by the WHO was not inconsequential as the mean TEQ in the floodplain, for example, decreased by 21% resulting in a substantial decrease in the number of properties that might qualify for remedial action.
With the establishment of statistically significant elevated concentrations of dioxin-like compounds in the soil in the Midland area, the subsequent issue is whether exposure of the area residents to this contamination has resulted in elevated levels of these compounds in the population's serum. UMDES included the collection of serum from the residents whose soil was sampled. The statistical analysis of the relationship between the concentrations of these compounds in soil and in the area residents' serum is presented in Garabrant et al. (13) .
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